The effects of microstructure on the gap states of hydrogen diluted and undiluted hydrogenated amorphous silicon (a-Si:H) thin film materials and their solar cells have been investigated. In characterizing the films the commonly used methodology of relating just the magnitudes of photocurrents and subgap absorption, α(E), was expanded to take into account states other than those due to dangling bond defects. The electron mobility-lifetime products were characterized as a function of carrier generation rates and analysis was carried out of the entire α(E) spectra and their evolution with light induced degradation. Two distinctly different defect states at 1.0 and 1.2 eV from the conduction band and their contributions to carrier recombination were identified and their respective evolution under 1 sun illumination characterized. Direct correlations were obtained between the recombination in thin films with that of corresponding solar cells. The effects of the difference in microstructure on the changes in these two gap states in films and solar cells were also identified It is found that improved stability of protocrystalline Si:H can in part be attributed to the reduction of the 1.2 eV defects. It is also shown that ignoring the presence of multiple defects leads to erroneous conclusions being drawn about the stability of a-Si:H and SWE.
Introduction
It has been well established that microstructural changes in hydrogenated amorphous silicon (a-Si:H) materials resulting from differences in deposition conditions play an important role in the performance, and in particular the stability of their solar cells. There is currently a large interest in this for a-Si:H deposited at high rates as well as novel materials having different microstructure such as in protocrystalline Si:H, often called "edge" a-Si:H [1, 2] . It is still not clear what the effects of microstructure are on the gap states of these as well as other materials.
There is also a lack of direct, quantitative correlations between the results obtained for the defect states in thin films with those in the corresponding intrinsic layers in solar cells, particularly those with the highest performance. Part of the absence of direct correlations, even in simple cell structures, can be due to possible differences in the thin film materials and those in the intrinsic layers of the cells as well as inadequate characterization of the defect states in the films with the commonly methods used in characterizing them. Various reasons for differences in the intrinsic materials have been proposed such as dopants diffusing from the n-and p-layers and nonuniform distribution of gap states across the i-region predicted by the defect pool model [3] . In the work described here the effect of such possibilities was taken into account by investigating different cell structures. Also account was taken of the evolution in the microstructure of hydrogen diluted materials and its dependence on substrate [4] in order to ensure that only the amorphous phase was present in both the cell i-layers and the ~1μm thick films. When characterizing the thin films, the commonly used methodology of measuring just the photocurrents was extended to that of the electron mobility-lifetime products (μτ) as a function of carrier generation rates (G). In addition, an approach was developed in the analysis of subgap absorption, α(E), which addresses the presence of non-D O (neutral dangling bond) defect states. Here we report on studies in which direct correlations have been established between the recombination in thin films and solar cells, as well as the effects of changes in microstructure on the defect states in the materials. These studies were carried out on protocrystalline Si:H materials prepared with hydrogen dilution as well as those deposited at different rates without hydrogen dilution. Results are presented which identify two distinctly different defect states in aSi:H around and below midgap and characterize their effects on carrier recombination. Results are also presented on the light induced changes in these two gap states that illustrate the effects of microstructure on their creation and annealing kinetics in both films and solar cells.
Discussion

Protocrystalline Si:H
Using real time spectroscopic ellipsometry, deposition phase diagrams have been developed that describe how the microstructure and the phase evolve during the growth of Si:H films on different substrates [4] . Specifically, such diagrams identify the different phase regimes of accumulated bulk layer thickness within which a-Si:H grows, as well as the thicknesses at which subsequent transitions to mixed-phase, amorphous + microcrystalline Si:H [(a+μc)-Si:H] and then to single-phase microcrystalline Si:H (μc-Si:H) occur, all as a function of a key deposition parameter. The hydrogen dilution flow ratio, R=[H 2 ]/[SiH 4 ], is used because it provides the most direct control over the phase. A schematic of the structure of Si:H films derived from phase diagrams prepared as a function of R is shown in Fig. 1 for Si:H deposited onto an R=0 substrate layer under the conditions previously described [4] . Deposition phase diagrams have led to the concept of the protocrystalline Si:H growth regime indicated in the figure.
In addition to the unique evolutionary growth behavior exhibited under protocrystalline Si:H growth conditions, the protocrystalline material itself exhibits unique opto-electronic properties. Perhaps the key feature of the protocrystalline material is its relative stability to light induced degradation observed for both films and corresponding solar cells. Despite the evolutionary nature of the Si:H materials prepared with moderate H 2 -dilution, they exhibit relatively uniform bulk properties over certain extended regions of thickness [1] . Using phase diagrams as a guide, it is possible to identify when only protocrystalline Si:H material is present in a film or cell structure. The results on protocrystalline Si:H presented and discussed here are on thin films and solar cell structures in which the protocrystalline phase is maintained throughout the thickness of the films and the intrinsic layers of the p-i-n solar cells. The effects of the phase transitions into the mixed phase in solar cell structures have also been studied and quantified and shown to have very large effects on the cell characteristics, such as claimed to result from the bulk of the so-called "edge" materials [5] .
Gap States in Thin Film Materials
The gap states in a-Si:H that have been the focus of attention are those associated with the dangling bond defects because the densities of D [6, 7, 8] . This has been generally overlooked in the commonly used methodology for characterizing the defect states in a-Si:H films where only the magnitudes of photoconductivity and subgap absorption, α(E), are taken to directly reflect the densities of gap states in the intrinsic as well as degraded states. This however is a gross oversimplification that does not take into account possible contributions of defects other than the classic dangling bonds. The contributions of the different defect states to photoconductivity are reflected in the dependence of μτ products on G, and the shape of the α(E) spectra.
A protocrystalline (R=10) film (A) and two undiluted films, one deposited at 1.5 Å/s (B), and the other at 20 Å/s (C) have been investigated. Fig. 2(a) shows the μτ products as a function of G for the three films in the intrinsic (annealed) state. The μτ products in Fig. 2 (a) reflect the electron recombination through the gap states where their dependence on G reflects the change brought about by the additional states that act as recombination centers as the quasi-Fermi levels move towards the band edges [9] . In the case of recombination determined solely by a single type of state located around midgap, μτ should be independent of G. However, the characteristics here point to the presence of additional defect states removed from midgap which decrease μτ with G. Such characteristics, rather than the one reported by Stutzmann et al. [10] , are commonly found in a-Si:H films. The striking differences between these films with different microstructure are not as much the μτ values at G=10 , corresponding to 1 sun illumination, but rather in their dependence on G. This clearly shows that not only does the recombination occur through different defect states but also that the relative densities of these states depend on the microstructure. Higher densities of these gap states result in lower μτ products. However, because they also depend on the carrier capture cross-sections of the respective states, which can be very different, as well as their respective locations in the gap, relating μτ to their densities is extremely difficult [9] .
The presence of these multiple defects and the differences in their gap state distributions is also reflected in the corresponding subgap absorption spectra, obtained with dual beam photoconductivity (DBP), shown in Fig. 2(b) . Because these spectra are obtained using a normalization procedure between DBP and transmission-and-reflection measurements developed by Jiao et al. [11] , it is possible to obtain reliable values for the magnitude of α(E) for the different films. Shown in Fig. 2(b) are the subgap absorption spectra in the annealed state (AS) as well as after 1 sun illumination at 25 o C which are discussed later. The α(E) spectra in Fig. 2(b) for the annealed state are quite different not only in their magnitude, but also the shapes, which is not so evident between B and C but striking for the protocrystalline film A. Such differences in the shape of α(E) are a clear indication that multiple defect states are present as indicated by the results in Fig 2(a) . Consequently, even though the magnitude of α(E) decreases with improved microstructure, the values at an arbitrary value of E, such as the 1.2 eV commonly used, does not directly reflect the nature or densities of the gap states. It should be pointed out here that the subgap absorption measured with photoconductivity, both CPM and DBP, is determined by the densities of electrons that occupy the gap states and are emitted by hν into the conduction band rather than the actual density of these states. The values of G in these subgap measurements are ~ 10 , which is similar to those in CPM, so only the μτ products at these values can be directly associated with α(E), and not those for 1 sun illumination. Attempts have been made to obtain information about the nature and densities of the gap states from the self-consistent numerical modeling of μτ and α(E) for different values of G [12, 13] . Self-consistency could be obtained only with multiple defect states but there are still large uncertainties about their nature and densities because of the large number of adjustable parameters that are involved in such fitting.
The effect of microstructure of a-Si:H on its gap states becomes even more pronounced with the differences in their evolution under light soaking. This is seen in kinetics of the light induced changes of the μτ products and the striking differences in the α(E) spectra between the annealed and degraded states in Fig. 2(b) . The kinetics of the changes in μτ (10 ) for the three films under 1 sun illumination at 25°C are shown in Fig. 3 . The significant differences between the kinetics in the films indicate not only that there are multiple gap states but also that they are being created at different rates. This is reflected by the initial faster rates in A and B, and the approach to a degraded steady state (DSS). In the case of the protocrystalline material the DSS is reached in less than 100 hours and in the high rate undiluted material B, with significantly lower μτ products in ~ 1000 hours. The kinetics in the undiluted material C exhibit a constant rate, close to the extensively reported t 1/3 dependence [10] , with no approach to a DSS and μτ products significantly lower than those in B, even after 500 hours of illumination. Such differences become even more pronounced during degradation at higher temperatures [14] , where at 75 o C the protocrystalline material A reaches a DSS in ~ 10 hours with higher values of μτ, the undiluted B material exhibits kinetics similar to those of B at 25 o C and have been discussed by Pearce et al. [15] and Wronski et al. [1] . The kinetics for the undiluted material C on the other hand remain virtually unchanged at 75 o C, a reflection of its inferior microstructure. It can be noted here also that because of such differences in kinetics in materials with different microstructure, it is not possible to obtain meaningful comparisons for their relative stability and that of the corresponding solar cells without obtaining a DSS under 1 sun illumination at the operating temperature. As can be inferred from the differences in the subgap absorption spectra between the annealed and degraded states seen in Fig. 2(b) that the evolution in the three materials must be distinctly different since in the degraded state they appear to be very similar. However the magnitude of these α(E) spectra does not reflect the differences between the corresponding μτ products in Fig. 3 . Such lack of correlation between the kinetics of the changes in μτ and those in α(1.2) and differences in the shapes of the absorption spectra have been reported and their importance pointed out [1, 13, 16] . As was discussed for the annealed states results, in order to characterize the changes in the gap states it is necessary to consider the evolution of the entire α(E) spectra. The differences in the α(E) spectra can be quantified with the approach described by Pearce et. al [17] . The density of electron occupied defect states, N(E) at E<hν from E C under a specific G, is obtained from the derivatives of α(E) and is given by,
where k is the dipole matrix element for their transition into the conduction band, which is assumed to be constant. The evolution in α(E) spectra ( Fig. 2(b) ) clearly reflects the creation of two distinctly different gap states which are created at different rates and that these rates depend on the microstructure of the a-Si:H. The differences in the evolution of these gap states in the three films whose α(E) is shown in Fig. 3 , can be illustrated by normalizing the kN(E) spectra after degradation to those in the annealed state. It should be pointed out here that the magnitude of such ratios is relative and depends strongly on the N(E) in the annealed state. The results indicate that the energies of the two defect states are centered around 1.0 and 1.2 eV. In the case of the protocrystalline material, the spectrum is dominated by the defect states around 1.0 eV. In the undiluted film B there is a comparable contribution of both defects to the spectrum and in the case of film C, which has been deposited at a fast rate, the spectrum is dominated by the defect states centered around 1.2 eV from the conduction band. These results are entirely consistent with those on μτ(G) in Fig. 2 . The self-consistency with µτ is maintained for degradation at 75 o C where in the protocrystalline material no contribution from the 1.2 eV states can be seen, a dominant contribution from the 1.0 eV defect is obtained with material B, and the spectrum for material C remains virtually unchanged. The exact nature of these defect states has yet to be determined however, as will be discussed later, they appear to be the "fast" and "slow" states reported by Yang and Chen [18] .
Defect States in Solar Cells
Because of the lack of direct correlations between the results on thin films and cell characteristics, particularly in their light induced changes, serious questions have been raised on whether the defect states present in thin films are the same as those present in solar cell structures. Contributing factors to this has been the focus in the thin film studies on just the D o -defect state and the large effects of interface recombination to the cell characteristics. In any attempt to correlate the results on thin films to the defect states in the corresponding i-layers in the solar cells, it is important to first establish that the recombination in the bulk of the cell is dominating the characteristic being studied. Because the contributions of the i-layers to the fill factor (FF) are commonly found they are most often used in evaluating the defect states in the 10.129 bulk of the solar cells. There have, however, been inconsistencies reported between the nature of the light induced defects inferred from the cell FF and the results reported for thin films. They clearly point to other than D o defect states being created which is consistent with the types of defect states just discussed [7, 18] .
Because as yet the nature and densities of the states discussed earlier are not known it is not possible to correlate them directly to those in the corresponding cells, but it is possible to relate them through their role as carrier recombination centers. Such correlations are obtained with p-i-n solar cell structures in which great care was taken to reduce the contributions of the p/i interfaces [19] . In these cell structures bulk dominated carrier recombination was obtained for their forward biased I-V characteristics reflected in their dependence on thickness and light induced defects. It is important to note that these I-V characteristics are consistent with recombination through a uniform distribution of defect states across the i-layer [20, 21] .
Direct correlations were obtained between the recombination through the gap states in thin film materials and that in corresponding i-layers of p-i-n solar cell structures with both the protocrystalline (A) and the undiluted (B) a-Si:H i-layers exhibiting the same high FF in the annealed state. The absence of any significant difference can be explained by the FF not being yet limited by the low densities of defect states in the i-layers. However, such limitations become evident when light induced defect states are introduced. The light induced changes in the FF under 1 sun illumination at 25 o C show a striking similarity to the kinetics of the corresponding μτ products of Fig. 4 . The close similarity is present in both the rates of degradation as well as the approach to a DSS. There is also the striking difference in the FFs, 0.64 vs 0.56, after 100 hours of illumination, which is also present in the magnitudes of the corresponding μτ products. No such large difference is found after 100 hours of illumination in the corresponding D , nor in the magnitudes of the α(E) spectra shown in Fig. 3 . However, there is the large difference between the kN(E) spectra in Fig. 4 . Because the carrier lifetimes are inversely proportional to the densities of defect states, there should be a correlation between the kinetics of the inverse of μτ products and those of the FFs. Such correlations are found for both types of cells, on cells with different thickness i-layers, and after degradation at different temperatures [1, 19] . This is illustrated in Fig. 5 with results on 4000Å p-i-n cells during 1 sun illumination at 25 and 75°C where in all four cases linear relationships cane be seen between 1/µτ and FF.
The distinct difference between the times taken to reach the 1 sun DSS with the cells having the protocrystalline and the undiluted a-Si:H i-layers can be attributed to a difference in the relative densities of the so-called "fast" and "slow" defect states [18] . From their studies on the annealing under 1 sun illumination after degradation with high light intensities they found that the relative densities of these defects were different in the cells fabricated with and without hydrogen dilution as reflected in the relative magnitudes of the "humps" during the recoveries. Such two step experiments have been carried out on the protocrystalline (A) and the undiluted (B) a-Si:H cells and thin films with the annealing carried out not only under 1 sun illumination but also in the dark [15] . The same kinetics are observed for the cells and films where in the undiluted cell, B, there is an "overshoot" in the recovery. On the other hand for the protocrystalline cell and film not only was there no evidence of such a "hump" but also the recovery to the 1 sun DSS occurs in a much shorter time. These results indicate that the density of the "slow" defect states has been drastically reduced in the protocrystalline material. The presence of the two types of states however could be identified from the results obtained on the annealing out of the two defect states in the dark [15] . From the significantly lower contributions of the defect states centered around 1.2 eV from E C to the kN(E) spectra of the protocrystalline aSi:H seen in Fig. 4 would thus indicate they are at least part of the "slow" states.
CONCLUSIONS
From the results on protocrystalline and undiluted a-Si:H two distinctly different gap states have been identified, centered at 1.0 and 1.2 eV from the conduction band. This was obtained only when the presence of multiple defect states in characterizing the photoconductivity and subgap absorption of the thin films was addressed. The effects of changes in microstructure of the a-Si:H on the gap states was illustrated with the differences in the characteristics of carrier recombination and subgap absorption. Direct correlations are obtained between carrier recombination in thin films and that in the bulk of corresponding cells. The contributions of microstructural changes to the difference in the light induced changes of the two gap states were also identified. The results point to the improved stability of protocrystalline a-Si:H materials and cells as being due to the reduction of non-D o states such as those at 1.2 eV from the conduction band. Even though the nature and densities of these states have not as yet been determined, ignoring their presence leads to erroneous conclusions being drawn about the stability of a-Si:H materials and also they must be taken into account in any proposed model for SWE.
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